We conducted population growth experiments for 2-4 weeks using 4 species of brachionid rotifers (Brachionus angularis, B. havanaensis, B. rubens, and Plationus patulus), all isolated from Lake Xochimilco, Mexico City, Mexico. The test rotifers were fed 2 species of green algae (Chlorella vulgaris and Pseudokirchneriella subcapitata) at 3 food concentrations (2.9, 5.8, and 11.6 µg dry weight mL
Introduction
Rotifers largely contribute to the high productivity of many freshwater ecosystems (Wallace et al. 2006) . Most rotifers are herbivores, and some genera such as Brachionus, Lecane, and Lepadella feed on algae, protozoa, bacteria, and detritus (Wallace and Snell 2010) . The size (diameter) of the food particle consumed efficiently by a given rotifer species is generally related to its body size (Rothhaupt 1990a) , and the food particle size range varies from 2 to 20 µm (Vadstein et al. 1993 , Wallace et al. 2006 , Wallace and Snell 2010 . Large rotifer taxa such as Brachionus consume higher quantities of algal food compared with smaller ones such as Anuraeopsis (Sarma et al. 1996) ; therefore, at a given food density, smaller rotifer species reach higher densities than larger ones . Because algal species in natural waters differ widely in morphology and cell size, only rotifer species capable of feeding on a wider range of particle sizes can be expected to outcompete those that can feed only on particles in a narrow size range (Rothhaupt 1990b) .
The life history responses of rotifers to increasing food availability are well documented. As for the herbivorous zooplankton, an increase in available food results in increased egg output and hence higher population densities of rotifers (Dumont et al. 1995, Nandini and . Food concentration is thus a crucial factor that determines rotifer abundances under both field and laboratory conditions, yet most laboratory experiments involving the food density effects on rotifers have used one algal species at a time (Sarma et al. 1996, Nandini and . Although some works have employed more than one algal species, Chlorella and Scenedesmus are invariably chosen as the diet for rotifers (Flores-Burgos et al. 2005 , Farhadian et al. 2013 . In many natural waterbodies of Mexico, other algal species at times are more common than either Chlorella or Scenedesmus. For example, Pseudokirchneriella (previously Selenastrum) is a microalga dominant in some Mexican waterbodies (Oliva-Martínez et al. 2008 ) that is eaten by several aquatic invertebrates such as rotifers (Diaz et al. 2006 ) and brachiopods (Hessen et al. 2002, Zarattini and Mura 2004) . In addition, this alga as source of food can be heavily exploited by cladocerans under field conditions (Tessier and Bizina 2001) . Although the nutritional quality of Pseudokirchneriella is similar to the more commonly used Chlorella (Ahlgren et al. 1992) , comparative studies on the population growth of rotifers fed on these 2 algal diets are few; Fussman et al. (2010) is an exception.
There are some indications that the response of brachionids to increasing concentrations of Chlorella varies depending on the rotifer species. For example, B. calyciflorus can tolerate high food abundances >20 µg mL −1 ), while B. variabilis is adversely affected at much lower densities . These differences are probably related to their adaptations to natural conditions (Wallace et al. 2006) . Generalizations on rotifer population growth patterns based on 1 or 2 species may not be valid for others even within the same genus; thus, comparative growth studies of many rotifer species cultured under identical experimental conditions are needed, but few such studies have been reported in literature (Fernández-Araiza et al. 2005, Gribble and Welch 2012) .
Here, we present data on the effect of different concentrations of Chlorella vulgaris and Pseudokirchneriella subcapitata on the population growth rates of 4 brachionid species: Brachionus angularis, B. havanaensis, B. rubens, and Plationus patulus.
Materials and methods
Brachionus angularis, B. havanaensis, B. rubens, and Plationus patulus were initially isolated from Lake Xochimilco in Mexico City. Starting from a single parthenogenetic female, we established clonal cultures of rotifer species at 22 ± 2 °C, pH 7.2-7.5, using diffused and continuous fluorescent illumination. Rotifers were cultured on US Environmental Protection Agency (EPA) medium and fed a 1:1 mixture of P. subcapitata and C. vulgaris on a dry weight basis at a concentration of about 4 µg mL −1
. EPA medium was daily prepared by dissolving 96 mg NaHCO 3 , 60 mg CaSO 4 , 60 mg MgSO 4 , and 4 mg KCl in 1 L of distilled water (Weber 1993) .
C. vulgaris and P. subcapitata were separately batchcultured in 2 L transparent bottles using Bold's Basal medium (Borowitzka and Borowitzka 1988) ) and aeration to prevent settling. When the alga was in exponential phase, it was harvested, centrifuged at 4000 rpm for 5 min, decanted, and resuspended in a small quantity of distilled water. Algal density was determined using a haemocytometer, and cell number was then converted into dry weight. The derived dry weights for single cells of P. subcapitata and that of C. vulgaris were 0.0142 and 0.027 ng, respectively (Brown and Harris 1978, Flores-Burgos et al. 2005) . For each rotifer species, we used 3 food concentrations for each alga: 2.9, 5.8, and 11.6 μg DW mL −1 , a range of algal food density commonly used for laboratory experiments on zooplankton growth (Dumont et al. 1995, Nandini and .
For the experiments we used 50 mL transparent jars, each with 25 mL EPA medium containing one of the 2 algal species at the chosen density. We inoculated each test jar with one of the 4 Brachionus spp. at an initial density of 1 ind. mL . For each treatment we used 4 replicates, totaling 96 experimental units (2 algal species × 3 food densities × 4 rotifer species × 4 replicates). The test conditions were similar (22 °C, pH 7.2-7.5, diffused light) to those used for rotifer cultures described earlier.
Following initiation of rotifer growth experiments, we quantified daily the number of live individuals of each rotifer species in each replicate by total count or by using 2 or 3 aliquot samples of 1 mL each when the density was >20 ind. mL −1
. After estimating the rotifer density, the rotifers were transferred to fresh EPA medium containing appropriate algal type and density. The experiments were terminated after 2 (for B. angularis) to 4 (for B. havanaensis, B. rubens, and P. patulus) weeks, depending on the population growth pattern of the rotifer species.
From the growth data collected, we derived the rate of population increase per day (r) using the following exponential equation (Krebs 1985) :
where: r = rate of population growth, N o = initial population density, N t = final population density, and t = time in days. A 2-way variance (ANOVA) was then used to evaluate differences in growth rates of among the tested rotifer species (Sokal and Rohlf 2000) . Effect of food density on the population growth rates of four brachionid rotifers Inland Waters (2014) 4, pp. 271-278
Results
Regardless of algal type, increase in the food concentration increased the population abundance of B. angularis. At a concentration of 2.9 µg mL −1 of C. vulgaris, density of B. angularis was of 51 ± 5 ind. mL
, but when the food concentration was increased to 11.6 µg mL −1 , its density was 3 times higher; similar increases in the population densities were obtained when fed P. subcapitata at different concentrations (Fig. 1) . Under comparable food levels, B. havanaensis had far greater abundances than the other 3 rotifer species (Fig. 2) . B. havanaensis, when fed P. subcapitata at the highest food level, had a population density of about 900 ind. mL −1 by about the third week but only 250 ind. mL −1 when fed C. vulgaris at a comparable food level and duration.
Population abundances of B. rubens fed P. subcapitata were in general lower than those fed C. vulgaris, especially at higher algal concentrations. Similar to B. havanaensis, B. rubens showed increased population density with increasing food availability (Fig. 3) , a trend also observed for P. patulus. Unlike B. havanaensis, however, at any given food level, P. patulus had generally higher densities when fed C. vulgaris than when fed P. subcapitata (Fig. 4) .
In general, the population growth rate r of the tested rotifer species varied from 0.16 to 0.61 d −1 depending on food level; lower growth rates were observed for P. patulus, while a higher range was obtained for B. rubens (Table 1) . Statistically the r of all 4 rotifer species was significantly affected by algal food density (p < 0.001, F-Test; Table 2 ). Algal species had a significant effect on r of B. angularis (p < 0.001). Growth rates also varied depending on the algal species. The interaction of food type X density was significant only for B. havanaensis. For the rest of the treatments, the interaction was not significant (p > 0.05). 
Discussion
Population growth rate is an ecological tool widely used to quantify the response of rotifers to food type and density. For example, who studied the population growth of rotifers fed yeast and algae found that rotifers fed algae reached higher densities, with no adverse effects of high algal cell concentration. Similarly, a population growth rate approach is commonly employed for cladoceran zooplankton . When cladocerans were fed separately on a diet of equal biomasses of Chlorella and Scenedesmus, they showed higher population densities on Scenedesmus than on Chlorella (Flores-Burgos et al. 2005 ). This and other related studies (Lundstedt and Brett 1991) suggest that zooplankton growth not only depends on food type but also its concentration, a finding also evident in our work.
Several studies have shown that an increase in the concentration of edible food causes an increase in population density of several species of rotifers (Dumont 1977 , Kuefler et al. 2012 . In general, most species require a minimum food density of about 1µg mL −1 of Chlorella, and below this concentration they can either maintain a population at zero growth or may crash completely (Walz 1983 . A tradeoff exists between the energy required for maintenance and for growth and reproduction. If resources are limited, these requirements must be balanced to sustain a species in the environment (e.g., Bennett and Boraas 1989, Acharya et al. 2004) . Because populations of all 4 rotifer species showed an increase in population growth rates and greater abundances at the highest algal densities, the experimental food density was not limiting and did not lead to negative growth rates. Cristian Alberto Espinosa-Rodríguez et al.
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The differences in the growth rates of rotifers fed different algal species may be attributed to many factors, including the nutritional quality and palatability of the diet (Wallace et al. 2006) . The rate of population increase of zooplankton is sensitive to changes in the food type and nutritional quality (DeMott 1989, Gulati and DeMott 1997) . The differences in the growth rates of rotifers fed C. vulgaris or P. subcapitata can be interpreted based on nutritional quality of each algal species or the body size of the rotifer species. Nutritional quality of diets controls the abundance of zooplankton (García et al. 2003 , Litchman et al. 2013 . The biochemical composition of food such as amino acids, fatty acids, or vitamins also influences the growth and reproduction of zooplankton DeMott 1997, Nordgreen et al. 2013) . Based on available information, both algal species seem to have similar dietary qualities (Becker 1986 , Ahlgren et al. 1992 ; therefore, other factors including body size of the rotifer species probably play an important role in population growth. There is some evidence that both food density and food type influence the body size of brachionid rotifers (Yúfera et al. 1983, Sarma and Rao 1990) . Due to difficulties estimating the dry weights of individual rotifers, we did not measure this variable, but rather measured the body length of the rotifers. The mean body sizes (length, mean ± standard error) of B. angularis, B. havanaensis, B. rubens, and P. patulus were 110 ± 10, 130 ± 15, 140 ± 15, and 120 ± 15 μm, respectively. Mean body size among the tested rotifers varied by about 30 μm, which is not sufficient to explain the large variations in the population abundances due to algal type.
Differences in food-uptake variables such as ingestion rate and assimilation efficiency, and thus the net growth rates based on these parameters, may influence the peak population abundances of rotifers (Arndt and Heerkloss 1989) as well as herbivorous Cladocera (Gulati et al. 1982 ). We did not measure these variables, but evidence in literature indicates that the maximal density attained by a zooplankton species is related to its consumption and assimilation efficiencies (Gulati et al. 1982 , Hessen 2008 . The range of peak population abundances obtained for each rotifer species agrees well with that reported in literature (Walz 1983 ). For example, B. havanaensis was reported to achieve densities exceeding 600 ind. mL −1 under laboratory conditions (Pavón-Meza et al. 2004) , and in our study the density maximum reached was about 800 ind. mL . The rate of population growth rate r depends on the difference between the initial and final densities and the duration of the growth study. For most brachionid rotifer species, r varies from 0.2 to 2.0 (Miracle and Serra 1989, Sarma et al. 2001) . In the present study the r values of the 4 rotifer species were lower (0.13-0.69 d Although all rotifers grow when fed several different species of algae individually, their population growth rates may reach different optimal values based on the offered species-specific algal type and density (Stemberger and Gilbert 1985) , but this value is often difficult to establish for each rotifer species. In addition, food density interacts with other factors such as temperature in influencing rotifer population growth rates (Walz 1995) . Because we did not evaluate these aspects, the growth rates may not represent the r max ; rather, the growth rates of rotifers derived in this work indicated the response range of the brachionids to the chosen test conditions.
In conclusion, our study showed that the 4 rotifer species increased population abundances with increasing level of food in the medium; however, the population growth responses of rotifers varied depending on the type of algal species. Future studies should evaluate if the tested algal types complement each other in some way by improving the food quality. The results of this study are relevant to understanding the impact of primary production on herbivores.
